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IMMUNOLOGY

Stiff matrix impairs cytotoxic T lymphocyte function at

multiple levels

Mir Hadi Seyedzadeh11', M. A. Kristine Tolentino?t, Newton Gil Peres’, Eric Y. Du?,
Florence Bartlett-Tomasetig3, Gaia M. N. Javier?, Kristopher A. Kilian®*, Katharina Gaus'$,

Jesse Goyette'*, J. Justin Gooding®*

Cytotoxic T lymphocytes (CTLs) play a pivotal role in antitumor immunity via inducing apoptosis in cancer cells.
However, their effector functions can be compromised by the perturbations in the tumor microenvironment (TME).
Among the diverse factors within the TME, the effects of stiffness of the extracellular matrix (ECM) on CTL-mediated
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responses require greater understanding. To address this gap, we three-dimensionally bioprinted CTLs and targeted
cells in polyethylene glycol-based ECM mimics with tunable stiffness and uniform porosity. Our findings reveal
that CTLs in stiffer ECMs showed reduced migration speed and impaired antigen-specific cytotoxicity. Synapse
formation analysis revealed that stiffer ECMs impair CTL efficacy not by reducing the frequency of CTL-target cell
contacts but by shortening the contact time between these cells, a consequence of disrupted immunological syn-
apse formation. Live Ca®* imaging and expression of phospho-ZAP70 confirmed these findings. Together, these
results suggest that ECM stiffness modulates CTL function at multiple levels, from migration to cytotoxicity and

synapse quality.

INTRODUCTION

Cytotoxic T lymphocytes (CTLs) migrate through tissues searching for
transformed or virally infected cells. Using the T cell receptor (TCR),
CTLs scan and search for target cells, and, upon recognizing the spe-
cific peptide antigen and major histocompatibility complex-I (pMHC),
they undergo reorganization of their cytoskeleton and form cytolytic
synapses with target cells. Subsequently, the CTLs release granules con-
taining perforin and granzymes as well as cytokines into the synapse
that eventually induce apoptosis in target cells (1, 2). These cytotoxic
interactions conclude when CTLs detach from their current targets
and move on to engage with other nearby cells (3, 4).

Antitumor CTL-killing responses are modulated by several sup-
pressive factors within the tumor microenvironment (TME), includ-
ing aspects of an altered extracellular matrix (ECM). Generally, solid
tumors are characterized by a markedly increased ECM stiffness rela-
tive to healthy tissues (5, 6), which can act as a barrier limiting the
access of T cells to the core of the tumor (7-9). Immune cell infiltra-
tion into tumor sites is directly correlated with favorable prognosis in
several types of solid tumors (10-12). Notably, one reason T cell-based
therapies have shown promising outcomes in certain blood malig-
nancies is the lack of a dense TME (13, 14). Fibrotic responses to tumor
growth can lead to alteration in ECM mechanics, more specifically, an
increased matrix stiffness. Increased ECM stiffness also favors tumor
progression by various mechanisms, including promoting an aggres-
sive phenotype of tumor cells and promoting invasion (15). Lowering
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the stiffness of the ECM enhances T cell migration and boosts the
effectiveness of immunotherapy in tumors (16-18). Biomechanical
cues modulate the activation, migration, phenotype, and function of
T cells through mechanosensitive ion channels and integrins, which
translate biomechanical signals to downstream signaling pathways
(19, 20).

To understand the complex role of TME components, three-
dimensional (3D) culture systems have been of growing interest as
conventional 2D monolayer cell cultures do not replicate TME com-
plexities (21). While natural hydrogels, such as collagen and Matri-
gel, are widely used as scaffolds for 3D culture studies, they have
limitations with regards to batch-to-batch variability and potential xe-
nogeneic contaminants (22). Synthetic hydrogels, particularly, polyeth-
ylene glycol (PEG), bridge the gap to these limitations. Furthermore,
these hydrogels yield a broader range of stiffness and allow a precise
control of bioactive cues through bioconjugation reactions (23-25).
Previously, PEG-based hydrogels were used to mimic the condition of
ECM in lymph nodes to increase ex vivo T cell proliferation (26). Build-
ing on the advances in technology and material science, 3D bioprinting
further overcomes the challenges associated with natural hydrogels and
enhances the utility of PEG in tissue engineering applications. This
innovative technique has shown promising outcomes in the 3D recon-
struction of complex biological structures such as the TME (27). Con-
sistent spatial organization, precise control over the physical properties
of the matrix, and rapid high-content analysis can be achieved using 3D
bioprinting (28). Bioprinting of T cells is a relatively new approach to
studying T cells ex vivo (29). A few studies have focused on T cell acti-
vation by generating artificial antigen-presenting cells (APCs) or imi-
tating lymph nodes and lymphatic vessels (30-32). Nevertheless, the
fate of embedded T cells in 3D hydrogel and the subsequent effects of
the ECM mimics on their effector function are not well described. In
particular, stiffness in the TME varies because of the changes in the me-
chanical properties of the ECM, yet the extent to which T cells are prone
to these physical nuances remains unclear.

Here, we aimed to investigate the effects of matrix stiffness on
antigen-specific CTL-killing function in a well-defined 3D culture
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platform. We used chemical strategies to tune the stiffness without
compromising the concentration of biochemical cues and porosity.
Furthermore, we seek to mimic the stiffness of soft tissues where CTLs
are predominantly found. We used the RASTRUM 3D bioprinter and
bioinks to create a 3D hydrogel embedded with CTLs and target cells.
By optimizing a 3D bioprinter-based killing model, we investigated
how variation in matrix stiffness influences CTL function, including
migration, target search-and-kill behavior, and synapse formation.
While we monitored Ca** flux as an indirect readout of T cell activa-
tion, we also quantified phosphorylated zeta-chain-associated protein
kinase 70 (phospho-ZAP70) as a metric for TCR-proximal signaling.

RESULTS

Soft and stiff PEG-based hydrogels with embedded viable
cells were fabricated via 3D bioprinting

We have previously shown that manually prepared PEG-based hy-
drogels can be used as ECM mimics for CTLs (33). To set up a 3D
bioprinted T cell killing assay, we utilized the RASTRUM 3D bio-
printer and its bioink system, which embeds cells into the PEG-based
ECM-mimetic hydrogels (28, 34). These hydrogels comprised two
key components: (i) a four-arm PEG maleimide bioink and (ii) a bis-
thiol cross-linker. Upon printing, the maleimide from the bioink and
the thiol from the cross-linker trigger a rapid gelation via the Michael
addition reaction (Fig. 1, A and B) (33, 34). We tuned the matrix stiff-
ness by varying the molecular weight of the bioink (10 or 20 kDa)
and cross-linking it with the cross-linker, ensuring a consistent 1:2
maleimide-to-thiol ratio. When the bioinks were cross-linked, the
resultant hydrogels exhibited stiffness values of 0.7 kPa for 20-kDa
bioink and 1.5 kPa for 10-kDa bioink (Fig. 1C) without varying the
microporosity (Fig. 1D) as evaluated by cryo-scanning electron mi-
croscopy (fig. S1). This result is consistent with our previous compre-
hensive porosity characterization of the same and other similar PEG
hydrogels (35, 36). This chemical strategy enabled us to generate hy-
drogels with a controlled, twofold difference in stiffness, allowing us
to systematically investigate the impact of matrix stiffness on CTL
function. Furthermore, these inert hydrogels do not contain bioac-
tive cues that could influence CTL migration or cytotoxic function,
enabling us to isolate stiffness as the only biophysical variable.

To evaluate CTL function within these ECM mimetic hydro-
gels, we utilized an OT-1 T cell killing assay with antigen expressing
Chinese hamster ovary (CHO) cells as the APC. Following ex vivo
activation, splenocytes isolated from OT-1 mice were enriched for
CDS8™ T cells capable of recognizing and responding to target cells
presenting ovalbumin (OVA)-H2Kb as the pMHC (fig. S2). We used
CHO T-Rex cells treated overnight with doxycycline (10 ng/ml) as
OVA™ or cognate target cells and wild-type CHO cells as OVA™ or
noncognate target cells (fig. S3A). These cells stably expressed pMHC
for 24 hours at similar levels as cells that were treated continuously
with doxycycline (fig. S3B).

The bioprinter used a sterile bioprinting cartridge, into which
bioinks and cross-linkers containing cells are added (34). To prevent
premature CTL-target cell interactions during bioprinting, target
cells were combined with bioinks, whereas CTLs were mixed with
the cross-linker. Directly mixing both cell types into either the bio-
ink or the cross-linker would result in a premature killing occurring
in a 2D context rather than the intended killing within a 3D envi-
ronment. For each condition, these mixtures were loaded sepa-
rately into the bioprinter and printed into 96-well plates, followed
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by adding culture medium after 5 min. This procedure is illustrated
in Fig. 1E.

A reliable killing assay requires that the cell viabilities are compa-
rable. Thus, we aimed to identify the time window postprinting at
which viability of CTLs and target cells is comparable. To assess the
impact of bioprinting on cell viability, we imaged live and dead cells
at various time points postprinting. CTLs were bioprinted either
with medium as a non-3D control or within ECM mimetic hydro-
gels as 3D test samples. A comparable CTL viability, regardless of
stiffness, was observed 1 and 24 hours postprinting. A slight reduc-
tion in viability was observed in stiff ECM mimic compared with
soft ECM mimic after 48 hours (Fig. 1F). To simulate the conditions
of the killing assay, target cells were mixed with bioinks and printed
with cell-free cross-linkers. In the control condition, target cells were
printed directly into medium without cross-linkers. Viability assays
revealed no significant difference between soft and stifft ECM mim-
ics, with target cell viability remaining high up to 48 hours postprinting
(Fig. 1G). These results indicate that the first 24 hours postprinting rep-
resent an optimal window for coculture and cytotoxicity assays as bio-
printing had minimal impact on cell viability within this timeframe.

CTL search-and-kill function was negatively affected in stiff
ECM mimics

T cell motility is critical for locating target cells and delivering cyto-
toxic effects (37). To characterize the migration of CTLs in soft and
stiff bioprinted ECM mimics, we tracked the movement of fluores-
cently labeled CTLs within the ECM mimics in the absence and
presence of target cells for 1 hour via time-lapse imaging. Whether
target cells are absent or present, CTLs migrate faster in soft ECM
mimic compared with stiff ECM mimic (Fig. 2A). This result aligns
with previous studies on ECM mimics with different compositions
that also showed faster migration of CTLs in softer ECMs (16, 33,
38). Additional CTL migratory metrics—such as straightness, dis-
placement, and total distance travelled in 3D—also indicated faster
migration in the soft ECM mimic (fig. $4, E to G). When OVA™ target
cells were introduced, the speed of CTLs significantly slowed down
in both soft and stiff ECM mimics (Fig. 2A), as illustrated in fig. S4
(A to D). This behavior was expected as CTLs arrest migration after
encountering target cells that express cognate antigens as shown in
movies S1 and S2 (37).

Because CTLs can migrate within these ECM mimics, they should
be able to search for target cells, a prequel for killing. Next, we investi-
gated whether, upon locating their targets, CTLs could effectively kill
them. To assess this, we measured the killing efficiency of CTLs
against OVA™ target cells in both soft and stiff ECM mimics. An end-
point cytotoxicity assay was performed using 3D imaging to quantify
the number of dead target cells. To identify the target cells from CTLs
in coculture, CTLs and target cells were labeled with CellTracker Deep
Red and CellTrace Violet, respectively. Cell viability was then assessed
using the dead-cell marker ethidium homodimer-1. Killing efficiency
was calculated on the basis of the difference in viability of OVA™ target
cells in the presence of CTLs between their viability in the absence of
CTLs. Notably, CTLs exhibited higher cytotoxicity in soft ECM mim-
ic, with a greater number of dead OVA™ target cells compared with
those in stiff ECM mimic (Fig. 2, B and C).

Subsequently, we investigated whether these CTL killings events
were antigen-specific or not. To achieve that, we determined the
antigen-specific killing efficiency where both OVA™ and OVA™ target
cells were cocultured with CTLs. Each effector-to-target (E:T) ratio
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Fig. 1. Viable cells were bioprinted with soft and stiff PEG-based ECM mimics. (A) The chemical structure of four-arm PEG maleimide (bioink) is shown, with cross-
linking functional groups highlighted in red. (B) The Michael addition reaction between maleimide groups (of four-arm PEG maleimide) and thiol groups (of the cross-
linker) served as the cross-linking mechanism to form the hydrogels. (C) Stiffness values of cell-free, 3D bioprinted hydrogels were measured within the linear viscoelastic
region at 1 Hz and 0.1% strain (n = 3). Data represent the means + SD. Statistical analysis was performed using a t test. (D) Pore size measurement of the soft and stiff hy-
drogels. Data are presented as box plots, with whiskers representing the minimum and maximum values, and were statistically analyzed with the Mann-Whitney test.
(E) Schematic representation of the 3D bioprinting process of the soft and stiff bioinks with embedded cells. T cells were combined with cross-linkers, whereas target cells
were incorporated into the bioinks, resulting in their encapsulation within soft and stiff hydrogels. mal, maleimide. Viability of (F) CTLs and (G) OVA* target cells in medium
(2D), soft hydrogels (0.7 kPa), and stiff hydrogels (1.5 kPa) was assessed over time using 3D confocal imaging and LIVE/DEAD assay. Statistical testing by two-way analysis
of variance (ANOVA). Data represent the means + SEM. n.s., P > 0.05; *P < 0.05; **P < 0.01. Created in BioRender. J. Gooding (2025), https://BioRender.com/97vb7z2.
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Fig. 2. Stiffer ECM mimic impaired CTLs search-and-kill function. (A) CTL migration
speed was reduced in stiff ECM mimic. CTL migration was tracked for 1 hour in the ab-
sence and presence of target cells in PEG hydrogels. Data are presented as a box plot,
with whiskers representing the minimum and maximum values, and were statistically
analyzed via the Kruskal-Wallis test. (B) CTL killing was impaired in stiff ECM mimic. CTLs
were bioprinted with OVA* target cells in either soft or stiff ECM mimic (n = 4). The
number of dead target cells was quantified with ethidium homodimer-1 and normal-
ized to target cell controls (without CTLs). Data are presented as means + SD and
analyzed using t test. (C) Representative images of CTL-killing OVA* target cells in ECM-
mimetic hydrogel (0.7-kPa PEG) 24 hours postprinting. CTLs and target cells were labeled
with CellTracker Deep Red and CellTrace Violet, respectively. Ethidium homodimer-1
was used to determine cell death. (D) Representative flow cytometry plots and histo-
grams of the 3D bioprinted killing assay. OVA* and OVA™ target cells were cobioprinted
into soft and stiff ECM-mimetic hydrogels with CTLs at effector-to-target (E:T) ratios of
0:1, 1:1,and 5:1. (E) Antigen-specific killing efficiency at 1:1 and 5:1 E:T ratios. Data were
normalized to 0:1 E:T, presented as means + SD (n = 4), and analyzed using the Mann-
Whitney test. *P < 0.05; **P < 0.01; ****P < 0.0001.
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was determined on the basis of the number of CTLs relative to equal
numbers of OVA* and OVA™ target cells. The flow cytometry-based
assay was first optimized in the conventional (2D) culture (fig. S3, C
to E). For the 3D assay, at each E:T ratio, equal numbers of OVA™*
and OVA™ target cells were mixed with either 0.7- or 1.5-kPa bio-
inks. Meanwhile, the number of CTLs in the cross-linkers was ad-
justed to achieve the desired E:T ratio. After 20 to 24 hours, CTLs
with both cognate and noncognate target cells were recovered from
the bioprinted ECM mimics and stained for surface markers. Gating
strategies are shown in Fig. 2D. The decrease in the second peak in
Fig. 2D indicates that CTLs were able to recognize and kill the cog-
nate target cell even in the presence of noncognate target cells in cul-
ture, thus supporting an antigen-specific killing. Furthermore, at a
1:1 E:T ratio, CTLs demonstrated significantly higher killing efficiency
in soft ECM mimic compared with stiff ECM mimic, consistent with
our result in Fig. 2B. We did not observe bystander killing in our
system as the number of OVA™ target cells in cocultures remained
unchanged in both soft and stiff matrices (fig. S3F). Increasing the
E:T ratio to 5:1 consequently enhanced the killing efficiency in both
soft and stiff ECM mimics, with the soft ECM mimic consistently
promoted a higher CTL-mediated killing than the stiff ECM mimic
(Fig. 2E). Notably, changes in stiffness did not affect antigen presen-
tation and stiffness of the target cells, as analyzed under the 0:1 E:T
condition (fig. S3, G to I), further supporting that the difference in
antigen-specific killing is due to the difference in the ability of CTLs
to kill in environment with different stiffness.

Expression of T cell activation markers correlates strongly with
their cytotoxic function, representing the downstream effects of signal-
ing and phenotypic modulation. When we tested expression of surface
activation markers CD69 and CD25, as well as the inhibitory receptor
PD1, in CTLs recovered from hydrogels, we observed cognate-antigen
dependent response increases and significantly lower expression in
cells recovered from stiff gels, indicating less activation (fig. S5, A to C).
In contrast, production of interferon-y and tumor necrosis factor-o
was similar from T cells in soft and stiff hydrogels, suggesting that this
function was less sensitive to ECM stiftness (fig. S5, D and E). We also
validated that cells retained effector phenotype (>97% CD44M/
CD62LY) in all conditions (fig. S5F).

Decreased killing efficiency in stiff ECM mimic was due to
shorter contact time between CTLs and target cells
To investigate the mechanisms underlying the reduced CTL-killing
efficiency in stiff ECM mimic, we examined the dynamics of the
killing process, including conjugate formation, target cell death, and
release of the target cell (39). Following the same setup for the kill-
ing assay, fluorescently labeled CTLs and target cells were bioprinted
into soft and stiff ECM mimics and incubated for 24 hours. Subse-
quently, the samples were imaged every 10 min over 12 hours. This
approach enabled us to monitor individual contact events or conju-
gates, conduct a multistep analysis of the CTL effector function, and
correlate these findings with the endpoint assays presented in the pre-
vious section. Representative images in Fig. 3A show several steps
involved in the killing process: conjugate formation, death of target
cell, and released of the target cell. From these images, metrics such
as the number of conjugates, contact time, and time of release were
extracted and quantified.

Antigen presentation and killing requires formation of an immu-
nological synapse. A plausible explanation for reduced killing efficiency
in stiffer gels is the impaired ability of CTLs to form conjugates with
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Fig. 3. CTLs had longer contact time with target cells in soft than in stiff ECM
mimic. (A) Representative time-lapse images of a 3D bioprinted killing assay depict-
ing the interaction between CTLs and target cells. CTLs, stained with CellTracker Deep
Red (violet), formed conjugates with target cells stained with CellTrace Violet (cyan),
leading to membrane rupture in the target cells as indicated by the uptake of the
dead cell marker ethidium homodimer-1 (scale bars, 20 pm). Time-lapse images were
captured every 10 min for 12 hours, starting 24 hours postbioprinting. (B) Quantita-
tive analysis of the fraction of target cells that formed conjugates with CTLs, present-
ed as means + SD. Statistical significance was assessed using a t test. (C) Time of
contact between CTLs and target cells. Data are presented as a box plot, with whis-
kers representing the minimum and maximum values, and were statistically analyzed
with the Mann-Whitney test. n.s., P > 0.05; *#*P < 0.001.

target cells. We expected this to manifest as the difference in the num-
ber of conjugates formed between CTLs and target cells in soft and
stiff matrixes. To test our hypothesis, we counted the number of con-
jugates formed between CTLs and target cells with a custom-built
code. The data analysis flowchart is available in fig. S6. We calculated
the 3D distance between CTLs and target cells, with any distance of
12 pm and below was recognized as a conjugate. This threshold was
based on the average sum of radii of a CTL and a target cell. A unique
combination of CTL and target cell was counted as one conjugate.
Thus, conjugates from the same CTL and target cell that persist over
time are only counted once, which prevented overcounting of con-
jugates. We normalized the unique number of conjugates to the total
unique number of cells in the sample to account for the difference in
cell count between samples. Contrary to our initial hypothesis, this
analysis revealed that the fraction of target cells conjugated with CTLs
over the course of the imaging was similar between the soft and stiff
ECM mimics (Fig. 3B). This implies that CTLs can still find and form
conjugates with target cells in stiff ECM mimic despite migrating
slower than CTLs in soft ECM mimic (Fig. 2B). Because CTLs could
kill more efficiently in soft than in stiff ECM mimic as established
in Fig. 2 (B and E), these findings also indicated that not all conjugates
formed between CTLs and target cells resulted in killing. Time-resolved
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data from microscopy experiments are also consistent with these
findings, showing that more conjugates are formed than dying target
cells over time. Consistent with the endpoint killing data in Fig. 2 (B
and E), the percentage of dead target cells relative to the number of
conjugates in soft is higher than in stiff, indicating higher killing ef-
ficiency (fig. S7). Overall, this finding implies that ECM stiftness affects
the efficiency of antigen-specific activation at CTL-target synapses
and subsequent effector functions in CTLs.

We then wondered whether the stiffness of the ECM mimics in-
fluences synapse stability, which could explain the difference in kill-
ing efficiency between soft and stifft ECM mimics. We propose that
the stability of synapse can be probed by the duration of contact be-
tween a CTL and a target cell, referred to as contact time. Using the
algorithm that identified the conjugates, we also extracted the time
when the conjugate was formed and the time when the target cell was
released. These events were identified as the earliest and latest time
points when a unique conjugate was detected. Contact time was then
calculated as the difference between the time of release and the time
of conjugation. With this, we found that CTLs formed significantly
longer contact time with target cells in soft ECM mimics compared
with stiffer ECM mimics (Fig. 3C). This suggests that soft ECM mim-
ics promote more stable or efficient immune synapse formation,
which may enhance the CTL-killing effector function.

CTLs form less efficient synapses in stiff ECM mimic

The shorter contact times associated with stiff ECM mimic suggests a
poor synapse quality. A likely reason is a defect in TCR signaling. To
investigate this, we measured the Ca** influx in CTLs, which occurs
upon TCR-pMHC recognition or T cell activation (40, 41). Further-
more, perturbations in the TME can impair CTL effector functions by
dysregulating Ca®* channels, thereby limiting serial killing (3). Thus,
Ca" influx serves as a key indicator of effective or impaired TCR-
proximal signaling (Fig. 4A).

To probe how matrix stiffness affects synapse quality, we used the
Ca®" indicator Fluo-4 AM to monitor Ca** signaling in CTLs (3, 40,
41). Following the bioprinting of CTLs with cognate target cells in
soft and stiff ECM mimics, we loaded the cells with Ca** indicator
and imaged them every 30 s for 1 hour. Figure 4B shows representa-
tive images demonstrating that the Ca®* indicator fluoresced when
a CTL formed a synapse with its cognate target cell. This Ca** influx
indicates that an effective immunological synapse was formed be-
tween the CTL and the target cell, triggering a cascade of signaling
events that ultimately lead to apoptosis of the target cell (42).

Next, we quantified the Ca®* influx in CTLs conjugated with tar-
get cells. The CTL-target cell conjugates were identified through the
same algorithm described in the previous section (fig. S6). Determin-
ing the presence of Ca** influx in CTLs could be challenging due to
the transient, fading, and intermittent nature of the indicator. To iden-
tify the presence of Ca** influx in CTLs, we analyzed the intensity
picked up by the conjugated CTLs in the green (Ca*" indicator)
channel. A representative bimodal intensity distribution is shown in
Fig. 4C. The first peak with lower intensity values refers to the back-
ground, whereas the second peak with higher intensity values refer
to the positive signal from Ca* indicator in CTLs. To computation-
ally determine the threshold intensity value that separates these two
peaks, we applied an image processing algorithm known as the Otsu’s
thresholding. The Otsu’s thresholding algorithm analyzes the inten-
sity histogram of an image and automatically finds the best cutoff
intensity to separate objects from the background by minimizing
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Fig. 4. Synapse efficiency dampened in the stiff ECM mimic. (A) Schematic illustration of Ca** influx in CTLs and target cells: (1) In the presence of OVA-H2Kb, TCR-
PMHC recognition leads to CTL activation and Ca®* influx in CTLs. (2) In the absence of OVA-H2Kb, CTL activation is not observed. (B) Representative images of Ca>* influx
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tify and measure the Ca?* influx in conjugated CTLs. The threshold intensity depicted in green dashed line was identified by Otsu’s thresholding algorithm. (D) The fraction
of CTL-target cell conjugates that resulted in T cell activation. (E) Lag time of CTL activation. (F) Phospho-ZAP70 levels in CTLs conjugated with target cells measured as
mean fluorescence intensity (MFI) of anti-phospho-ZAP70 staining. Data are presented as box plots, with whiskers representing the minimum and maximum values, and

were statistically analyzed with the Mann-Whitney test. *P < 0.05; **P < 0.01. Created in BioRender. J. Gooding (2025), https://BioRender.com/i6flttt.

intraclass variance (43). We applied the thresholding algorithm to each
time point to account for the transient, fading, and intermittent nature
of Ca** indicator (fig. $8). Any conjugated CTL with intensity value
above the threshold was considered activated. Our analysis revealed
that, among the CTL-target cell conjugates, soft ECM mimic facilitates
more T cell activation than stiff ECM mimic (Fig. 4D). This indicates
that the stiffness of the matrix affects the synapse quality, with soft
ECM mimic promoting efficient synapse than stifft ECM mimic.

Another metric that can quantify the synapse quality is the delay of
the Ca®* influx in the conjugated CTLs. Using the algorithms that iden-
tified conjugate formation and detected Ca®" influx, we determined the
time when these events occur. The lag time was calculated as the differ-
ence between synapse formation and Ca** influx. This analysis shows a
significant delay in T cell activation in the stiff ECM mimic (Fig. 4E).

Decreased Ca** signaling in response to cognate antigen sug-
gests a defect in TCR signaling. To more directly test this, we next
examined the TCR-proximal signaling by quantifying phospho-
ZAP70 in CTLs conjugated with target cells. Consistent with dimin-
ished TCR activation, conjugated CTLs in the stiff matrix exhibit
lower phospho-ZAP70 expression than those in the soft matrix (Fig. 4F
and fig. S9). Together, these results further corroborate that stiff
ECM mimic impaired synapse quality.

DISCUSSION
CTLs are key effector cells in eliminating antigen-specific target cells
in viral infections and tumors. However, the extent to which matrix
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stiffness in a 3D environment influences CTL function still needs
better understanding. Here, we leveraged the RASTRUM 3D bio-
printing platform to develop and validate a robust cytotoxicity assay
using mouse OT-1 CTLs and antigen-specific target cells. By using a
synthetic and tunable PEG-based hydrogel, we precisely controlled
the matrix stiffness to investigate its effects on CTL function. Previous
studies on 3D T cell cultures primarily relied on natural and hybrid
hydrogels, such as alginate (44), hyaluronic acid (45), collagen (46),
and Matrigel (47) where they primarily emphasized and established
T cell activation and proliferation. Building upon this foundation,
our work extends to evaluating the effector function within synthet-
ic ECM mimics.

Previous studies have demonstrated that the RASTRUM 3D bio-
printer, in conjunction with four-arm PEG maleimide bioinks, en-
ables rapid gelation, modular design, and compatibility with various
cancer cell lines (34). Our earlier work extended the use of these PEG-
based hydrogels as ECM mimic to CTLs, providing a 3D structural
support that promotes cell viability and migration (33). Building on
these capabilities, we show how CTL killing is modulated by matrix
stiffness independent of other bioactive cues. Our ECM mimics
achieved a physiologically relevant stiffness range (0.7 to 1.5 kPa)
that capture the mechanical properties of soft tissues where CTLs are
predominantly active such as secondary lymphoid tissues and lungs
(45, 48) while maintaining similar porosity (35). This property is con-
sistent with a similar PEG-based hydrogels (36). In most cases, ma-
trix stiffness and porosity are entwined in both natural and synthetic
materials (38).
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One limitation of using certain hydrogels as ECM mimics for
CTLs is the difficulty in retrieving cells embedded within the ma-
trix. The limitation is particularly notable, as flow cytometry-based
assays, widely used to understand CTL function, requires single-cell
suspension. Here, our 3D bioprinted ECM mimic with embedded
CTL-target cocultures were easily digested via proteolysis using the
Cell Retrieval Solution, allowing for efficient cell recovery and gener-
ating a single-cell suspension for downstream analysis. This gel di-
gestion is comparable to collagen-based assays, where T cells were
cultured and recovered (38). By leveraging this cell retrieval capabili-
ty, we utilized flow cytometry to probe antigen-specific CTL killing in
our ECM mimics, corroborating the findings from the microscopy-
based killing assay.

With these advancements, we explored fundamental biological
questions about CTL function within a 3D environment. Our find-
ings reveal that ECM stiffness, independent of other bioactive cues,
plays a key role in CTL migration and killing. Specifically, we observed
that stiffer ECM mimics reduced CTL motility and CTL-mediated
killing, aligning with previous reports showing slower CTL migra-
tion and decreased CTL-mediated killing in dense collagen matrices (8,
38). Furthermore, increasing CTL density increased antigen-specific
killing, consistent with previous 3D in vitro and in vivo studies (39, 49).
Notably, introducing OVA™ target cells to CTL cultures slowed CTL
migration in both soft and stiff ECM mimics. This supports the ex-
pected behavior of CTLs upon encountering cognate target cells,
where they survey the surface of the target cell and establish an im-
munological synapse, resulting in slower migration speed, as evi-
denced in Fig. 3A and fig. $4 (A to D). While past studies could not
distinguish whether these suppressive effects were driven indepen-
dently by collagen concentration, differences in pore size, or matrix
stiffness, our work provides a clearer insight into the direct influence
of matrix stiffness on CTL dynamics.

Subsequently, we dived deeper to understand why CTLs were
less effective at killing target cells in stiff ECM mimics. At first, we
hypothesized that the slower migration in stiffer environment sim-
ply inhibits the frequency of CTL-target cell interaction. However,
our time-lapse assay revealed that the number of CTL-target cell con-
jugates was similar in both soft and stiff ECM mimics, suggesting
that the difference is not due to a decreased ability of CTLs to find
and form contacts with target cells in stiff ECM mimics. This obser-
vation contrasts with a previous report that less conjugates formed
in stiffer than softer collagen-based matrices (38). In that study, con-
jugate formation was assessed at a single time point after an hour of
encapsulation, which may have limited the opportunity for the slower-
migrating cells to locate their targets. Our approach was to extend
this observation window to allow sufficient time for CTLs in both soft
and stiff ECM mimics to migrate and find target cells: We monitored
conjugate formation over a 12-hour period following 24 hours of en-
capsulation. This extended observation period provides a more com-
prehensive understanding of CTL-target interactions.

While the similar count of conjugates between soft and stiff ECM
mimic does not explain the difference in killing efficiency, this ob-
servation suggests that not all conjugates formed between a CTL and
a target cell result in successful killing. This led us to wonder wheth-
er the stiffness of the environment influenced the synapse quality
formed between CTLs and target cells, which could explain the differ-
ence in killing efficiency in soft and stiff ECM mimic. Previous studies
have demonstrated that matrix stiffness influences synapse forma-
tion, with softer matrices promoting CD8" T cell activation more
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effectively than stiffer ones (45, 46). Consequently, we probed the
synapse quality using three metrics: (i) contact time between CTLs
and target cells, (ii) Ca?" flux, and (iii) phospho-ZAP70 intensity in
conjugated CTLs.

We observed that the contact time between a CTL and a target
cell was shorter in stiff than in soft ECM mimic, indicating less sta-
ble synapse formation in the stiffer environment. A shorter contact
time may limit perforin delivery to target cells, potentially allowing
them to recover and resulting to lower killing efficiency in the stiffer
environment (39). Furthermore, a shorter contact time may provide
insufficient opportunity to complete the TCR-pMHC formation, po-
tentially impairing target cell recognition. We tested this hypothesis
by measuring T cell activation using Ca®* flux assay. Our results
showed fewer CTLs conjugated with target cells were activated in
the stiff ECM mimic compared with the soft ECM mimic. Moreover,
the lag time between contact and activation was longer in the stiffer
environment, suggesting that the activated CTLs required longer time
to recognize their target cells. In addition, we quantified phospho-
ZAP70, a proximal readout of productive TCR triggering, and found
higher matrix stiffness was associated with reduced phospho-ZAP70
intensity in CTLs conjugated with cognate antigen presenting APCs,
supporting the conclusion that stiffness limits efficient TCR-proximal
signaling and the persistence of signaling-competent synapses (50).
Together, these findings indicate that stiff ECM conditions hinder
CTLs’ ability to recognize cognate target cells even upon contact,
which could account for the reduced killing efficiency in stiff ECM
mimic despite having similar count of CTL-target cell conjugates
as the soft ECM mimic. Overall, our findings highlight that stiffer
environment significantly impairs CTL motility, TCR recognition,
immunological synapse formation, and overall cytotoxic efficacy,
highlighting the critical role of biomechanical cues on regulating
immune cell function. Furthermore, these findings provide a mech-
anistic explanation for how cancer cells evade antitumor response
as increased tissue stiffness (a hallmark of solid tumors) disrupts
CTL function (51).

In summary, we established a cytotoxicity assay using the RASTRUM
3D bioprinter to measure the antigen-specific CTL-killing efficiency
in stiff and soft ECM mimics. The reductionist approach applied in
this study is highly adaptable, is extensible to high-throughput as-
says, and can be further engineered to include other critical factors
influencing tumor-specific T cell responses.

The mechanical properties of the ECM reciprocally influence
stromal cell behavior, promoting immunosuppressive phenotypes.
These cells secrete factors that further remodel the ECM and sup-
press T cell activity, creating a vicious cycle that perpetuates immune
evasion and tumor progression (52). Expanding our system to inte-
grate key cellular components, such as cancer-associated fibroblasts
and macrophages, would provide deeper insights into their dynam-
ics in a physiologically relevant 3D environment.

Although the work presented here shows a clear impact of ECM
stiffness on CTL function on short time scales (<24 hours), it will be
important in future studies to determine how prolonged exposure to
stiffness and repeated stimulation shape CTL phenotype and tran-
scriptional state. Recent work suggests that Osr2 can participate in
longer-term T cell responses to mechanical cues (19); however, such
transcriptional mechanoadaptation is mechanistically and tempo-
rally distinct from the acute functional regulation studied here. Ex-
tending this platform to multiday stimulation paradigms, together
with comprehensive transcriptional and proteomic profiling of both
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CTLs and target cells, will be valuable for connecting acute stiffness-
dependent functional effects to longer-term adaptation.

In addition, the system can be leveraged to understand how ECM
stiffness and porosity affect molecular transport properties because
the diffusion of small molecules, such as cytokines and chemokines, is
essential in regulating T cell function within the TME. Investigating
how these physical properties shape immune responses could inform
emerging therapeutic strategies aimed at disrupting the physical at-
tributes of the TME. Approaches such as collagenase treatments, matrix-
degrading nanoparticles, or inhibitors of ECM cross-linking enzymes
are showing promise in preclinical studies, highlighting the critical
interplay between ECM mechanics and immune function in tumors
(53, 54). Our platform offers a controlled environment to explore these
strategies, inspiring immunotherapies that target ECM-driven im-
mune suppression.

MATERIALS AND METHODS

Culture of target cells

Blue fluorescent protein (BFP)-expressing CHO-K1 (American Type
Culture Collection, CCL-61) cells with or without the tetracycline re-
pressor (CHO T-Rex cells; Invitrogen) and mouse OVA bound to
H2Kb (T-Rex/OVA-H2Kb) were used as cognate antigen-presenting
(OVA™) and noncognate APCs (OVA™), respectively (fig. S3, A and
B). All CHO cell lines were cultured in Ham’s F-12K medium (Gibco),
supplemented with 10% fetal bovine serum (FBS; Bovogen), 100 mM L-
glutamine (Gibco), and 1% penicillin-streptomycin (Gibco).

Isolation and ex vivo activation of OT-1T cells

Mice experiments were conducted under protocols approved by the
University of New South Wales (UNSW) Animal Care and Ethics
Committees (approval numbers 17/104A and 19/148B). All mice were
sourced from Australian BioResources (Mossvale, New South Wales)
and housed under specific pathogen—free conditions within the Bio-
logical Resource Centre at UNSW. Male and female OT-1 [C57BL/
6-Tg (TcraTcerb)] mice aged 6 to 12 weeks were used.

OT-1 CD8" T cells were isolated and cultured as previously de-
scribed (fig. S2) (33). Briefly, splenocytes were obtained from OT-1
mouse spleens posteuthanasia, processed through a 40-pm strainer
(Corning), and treated with Ammonium-Chloride-Potassium (ACK)
lysing buffer (Gibco) to remove erythrocytes. Cells were cultured for
3 days in T cell medium (TCM) (RPMI 1640 supplemented with 10%
FBS, 1% penicillin-streptomycin, 10 mM Hepes, 1% sodium pyru-
vate, 2 mM L-glutamine, and 50 pM p-mercaptoethanol) with inter-
leukin-2 (IL-2) (100 ng/ml; BioLegend), lipopolysaccharide (0.03 pg/
ml; Sigma-Aldrich), and OVA peptide (1 pg/ml; SIINFEKL) (Aus-
pep). Cells were then collected, washed, resuspended in TCM with
IL-2 to a density of 0.1 x 10° to 0.5 x 10%/ml, transferred to a T25
flask, and incubated for 24 hours. The culture was used within a week
while maintaining the cell density at 1 x 10°/ml.

Bioprinting of cell-embedded ECM mimics

The RASTRUM 3D bioprinter and components of the ECM mimet-
ic hydrogels (bioinks and bisthiol cross-linkers) were obtained from
Inventia Life Science (ILS). To create the ECM mimetic hydrogels,
we used a 20-kDa four-arm PEG maleimide bioink (F38) with a 2.64%
w/v bisthiol cross-linker (F177) for soft gels and a 10-kDa four-arm
PEG maleimide bioink (F119) with a 5.28% w/v bisthiol cross-linker
(F178) for stiff gels. Medium was added after 5 min of printing. CTLs
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(1 % 10°) were primed with the cross-linkers (200 pl), and target
cells (1 x 10°) were primed with a 200-pl bioink.

Stiffness measurement

The rheological properties of the ECM mimetic hydrogels were as-
sessed using an Anton Paar MCR302 rheometer equipped with a
25-mm measuring plate. A 600-pl hydrogel sample was placed on the
stage, and time-sweep measurements were recorded at 37°C with a
frequency of 1 Hz and 0.1% strain over 2 hours. At least three repli-
cates were performed for each hydrogel.

Cell viability

To assess the viability of each cell type after 3D bioprinting, cells with
>95% viability before printing were used. CTLs and target cells were
printed separately into wells of a flat-bottom, optical cover glass base
96-well microplate (Nunc). Following medium addition, cell viabil-
ity was assessed at various time points using the LIVE/DEAD viabil-
ity assay kit (Invitrogen). Images were acquired on the Operetta CLS
Microscope equipped with a 5X air [numerical aperture (NA) of 0.16]
objective and an incubator system (37°C, 5% CO,). Image analysis
was performed using Harmony Imaging and Analysis software (ver-
sion 4.9, PerkinElmer Inc.).

T cell migration assay
CTLs (1 X 10°) were stained with 0.5 ul of 1 mM CellTracker Deep
Red (Invitrogen) and incubated in Dulbecco’s phosphate-buffered
saline (DPBS) for 10 to 15 min at 37°C. The stained cells were washed,
resuspended in TCM, and incubated for 2 hours before bioprinting.
The bisthiol cross-linker together with stained CTLs and the bioink
with or without unstained OVA™ target cells were printed using the
RASTRUM 3D bioprinter into a glass bottom 96-well plate and in-
cubated for another 2 hours before imaging. The migration of CTLs
within the soft and stiff ECM mimetic hydrogels with and without
the OVA™* target cells was observed using a Zeiss Celldiscoverer
7 microscope equipped with a Plan-Apochromat 20X air (NA of 0.7)
objective. 3D image stacks were acquired every 30 s, with a z-step
size of 5 pm, covering a total z-depth of 200 pm and a total imaging
duration of 1 hour per sample. The fluorescence signals were col-
lected with excitation at 625 nm and 659- to 759-nm emission filter.
Images were captured in both bright-field and fluorescence chan-
nels. During live cell imaging, the temperature and CO, level were
kept at 37°C and 5%, respectively. The migration assay was performed
with two biological repeats and with at least three experimental repeats.
Image analysis was performed using Imaris 9.9 (Bitplane), with
cell tracking conducted using an autoregressive motion algorithm.
The fluorescence intensity and positional coordinates at each time
point for each cell were extracted from multiple imaging channels
into CSV files. These data were subsequently combined using the
Pandas library for further analysis. Cells touching the bottom of the
well (z < 10 pm) were excluded from the dataset to ensure that only
cells embedded within hydrogels were included in the analysis. The
3D average speed of a cell was calculated as the total distance travelled
divided by the time interval between the first and last time points as
described in Eq. 1

Z:;O \/(xi+1 _xi)z + (i _J’i)z + (2 _Zi)2
t(n) — t(0)

3D average speed =
1
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where x, y, and z refer to the position coordinates and ¢ refers to
time point with 0 and #, referring to the first and last time points,
respectively.

Microscopy-based killing assay

The samples for T cell killing assay were prepared following a similar
protocol as the migration assay with an additional step to stain the
target cells. OVA™ target cells (1 x 10°) were stained with 0.5 pl of
1 mM CellTrace Violet (Invitrogen). After resting for 2 hours, stained
CTLs mixed with the bisthiol cross-linker and stained target cells
mixed with the bioink were 3D printed as described in the previous
sections while maintaining an E:T ratio of 1:1. The 3D bioprinted sam-
ples were incubated for 24 hours before imaging. Thirty minutes before
imaging, we added 80 pl of dead stain (2 mM ethidium homodimer-1)
to each well.

The 3D live cell imaging was accomplished using Zeiss Celldis-
coverer 7 900 (Plan-Apochromat 5X, NA of 0.35 air objective). The
3D image stacks were acquired with 3-pm z-step size and 300-pm
total z-depth. The images were captured in bright-field and fluores-
cence channels. The fluorescence signals from each stain were col-
lected as follows: for CellTracker Deep Red, excitation at 625 nm
and 659- to 759-nm emission filter; for CellTrace Violet, excitation
at 385 nm and 410- to 440-nm emission filter; and for ethidium
homodimer-1, excitation at 511 nm and >600-nm emission filter. The
beam splitter for ethidium homodimer-1 was a reflective thin film
beam splitter (450, 538, and 610 nm) and for CellTracker Deep Red
and CellTrace Violet was a reflective quartz beam splitter (405, 493,
575, and 653 nm) to avoid bleed-through between channels. During
imaging, the temperature and CO, level were kept at 37°C and 5%,
respectively. This killing assay was performed with two biological
repeats and with at least three experimental repeats in each biologi-
cal repeat.

The images were analyzed in Imaris 9.9 using spots module to
detect and identify cells, as well as to determine cell death. The fluo-
rescence intensity values of a cell from three channels were extracted
from Imaris and merged to a Pandas DataFrame. The cell identity
was verified by passing a threshold intensity value for CellTrace Vio-
let or CellTracker Deep Red. The threshold value was determined by
the built-in autothreshold algorithm in Imaris and visually inspect-
ing that the detected cell with the lowest intensity value was a cell.
The threshold was adjusted as necessary. The threshold value was dis-
tinct for each imaging experiment. A value higher than the thresh-
old implies that the cell is either a target cell (CellTrace Violet) or a
CTL (CellTracker Deep Red). Cells failing or passing both threshold
values were labeled as unknown and were excluded from the data-
set. Cells touching the bottom of the well (z < 10 pm) were also ex-
cluded from the dataset. Next, the identified cells were then classified
as dead if they exceed the threshold value for ethidium homodimer-
1. To calculate the killing efficiency of CTLs, we need to determine
the viability of target cells. The viability of target cells in a sample was
based on the difference between the total number of target cells and
the number of targets cells that have ethidium homodimer-1 as de-
scribed in Eq. 2

target cell count — dead target cell count

Viability [%] = X 100 (2)

target cell count

The killing efficiency was then calculated from the viability dif-
ference of the OVA™ target cell in the presence and absence of CTLs.
Killing efficiency was calculated using Eq. 3
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Killing efficiency [%]

_ Vlablhtharget cells only — Vlablhtharget cells coculture with T cells %100

Vlablhtharget cells only

3)

Flow cytometry-based killing assay

To induce expression of OVA-H2Kb on target cells, BFP CHO cells
were cultured overnight with doxycycline (10 ng/ml; Clontech) be-
fore performing killing assays. A 1:1 mixture of target cells express-
ing OVA (OVA™) and target cells without OVA (OVA™) was used
throughout the assay. For the 0:1 E:T ratio, target cells were bioprinted
into a 96-well round-bottom microplate (Corning) without T cells.
For other E:T ratios, CTLs were primed with cross-linkers, target cells
were primed with bioinks, and both were bioprinted into the 96-well
plates. TCM supplemented with IL-2 was added to each well, and
the plate was incubated at 37°C for 24 hours.

After the 24-hour incubation, to recover cells for flow cytometry
analysis, the 3D bioprinted ECM mimetic hydrogels were digested
using RASTRUM Cell Retrieval Solution according to the manufac-
turer’s instructions (F235, ILS). Briefly, each plate was washed with
prewarmed DPBS, Cell Retrieval Solution was added to each well,
and the plate was incubated at 37°C and 5% CO, for 5 min. Hydrogel
dissolution was monitored using an epifluorescence inverted micro-
scope. The plate was washed with prewarmed medium, and recov-
ered cells were used for downstream flow cytometry analysis.

Before staining, all samples were washed with ice-cold fluorescence-
activated cell sorting (FACS) buffer (2% FBS and 1 mM EDTA in sterile
phosphate-buffered saline). Cells were blocked with 1:200 anti-mouse
CD16/32 (TruStain FcX, BioLegend, clone 93) and stained for surface
markers with 1:400 anti-mouse CD8 (BioLegend, clone 53-6.7) and
1:400 anti-SIINFEKL-H-2Kb (BioLegend, clone 25-D1.16) in FACS
buffer for 15 to 20 min at 4°C in the dark. Cells were washed with ice-
cold FACS buffer and resuspended in 100 pl of FACS buffer contain-
ing propidium iodide (2 pg/ml; Sigma-Aldrich) to exclude dead cells.
Data collection was performed using a BD LSRFortessa Cell Analyzer
with BD High Throughput Sampler, and postrecording analysis was
carried out using Flow]Jo software v10.7 for Windows. The killing ef-
ficiency of OVA-expressing target cells was calculated using Eq. 4

_ %OVA+
%OVA—

The flow cytometry-based killing assay was performed with four
biological repeats and with at least three experimental repeats each.

Kmmgw@=(1 >x1m) ()

Time-lapse imaging of conjugate formation

The samples were prepared using the same protocol as the microscopy-
based killing assay. The samples were imaged every 10 min for 12 hours
using a Zeiss Celldiscoverer 7 microscope with Plan-Apochromat 5X,
NA of 0.35 air objective. A total of 200-pm z-depth image stacks were
acquired with 10-pm z-step size in bright-field and fluorescence chan-
nels. The fluorescence signals were collected following the same set-
tings as the microscopy-based killing assay. During live cell imaging,
the temperature and CO, level were kept at 37°C and 5%, respectively.
The conjugate formation between CTLs and target cells was performed
with two biological repeats and with at least three experimental re-
peats. The images were analyzed in Imaris 9.9. The cells from each
channel were tracked using an autoregressive motion algorithm. The
fluorescence intensity and position coordinates of each cell at each
time point were extracted and processed in Python for further analysis.
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For each time point, the cells were identified as CTLs or target cells fol-
lowing the same data analysis pipeline as described in the microscopy-
based killing assay. From the position coordinates, the conjugates were
identified by calculating the distance between CTLs and target cells

Distance;

= \/(xtarget,T —Xcrr) L+ (ytarget,T —yerLr) T+ (Ztarget,T —ZerLr) ’

(5)

where x, y, and z are the position coordinates and T refers to time.

A unique pair of CTL and target cell with distance of 12 pm or less
between them are classified as one conjugate. The threshold 12 pm
is based on the average sum of radii of a target cell and a CTL. The
time points when a conjugate is detected, the target cell ID, and the T
cell ID of the cells were extracted. From these details, number of
conjugates, time of conjugation, time of release, and contact time
were calculated.

Monitoring Ca®* influx in conjugated CTLs

To study intracellular Ca** dynamics in effector T cells, the samples
were prepared following the same protocol as the microscopy killing
assay but without staining with ethidium homodimer-1. Instead, fol-
lowing bioprinting, cells embedded in soft and stiff ECM mimetic
hydrogels were loaded with 3 pM Fluo-4 AM and Pluronic F-127
(Invitrogen) in imaging buffer (Hanks’ balanced salt solution sup-
plemented with 10 mM Hepes, 1 mM CaCl,, 1 mM MgCl,, and 1%
FBS) and incubated for 30 min at 37°C in the dark. The samples were
washed three times with medium and equilibrated at room temper-
ature for 20 to 30 min before imaging. The calcium influxes in CTLs
were monitored using an Operetta CLS confocal microscope (20X,
NA of 1) equipped with a 37°C and 5% CO, incubation chamber.
The 3D images (z-stack) were captured every 5 pm with a total height
of 200 pm. The z-stack was imaged at frame intervals of 30 s for
1 hour. This assay was performed with two biological repeats and
with three experimental repeats each.

Fluorescence changes of the Ca®* indicator in CTLs conjugated
with target cells were quantified using Imaris 9.9. The conjugates
were identified as described in the microscopy-based killing assay.
Then, the threshold intensity, denoting the presence of Ca** influx,
was determined by Otsu’s thresholding algorithm. The presence of
Ca’" influx indicates the activation of CTLs. The time when conju-
gation and activation occurred were also extracted. From these de-
tails, the relative number of activated CTLs conjugated with target
cells and the lag time between conjugation and activation in soft and
stifft ECM mimetic hydrogels were calculated and used as metrics to
describe synapse quality.

Quantification of phospho-ZAP70 in conjugated CTLs

The samples were prepared following the same protocol as the mi-
croscopy killing assay but using a different fluorescent label for CTLs.
CTLs (1 X 10°%) were instead stained with 0.5 pl of 1 mM CellTracker
Green CMFDA (Invitrogen). The 3D bioprinted samples were incu-
bated for 24 hours and were fixed with 4% paraformaldehyde at 4°C
overnight, permeabilized with 0.1% Triton X-100 for 4 hours at room
temperature, and incubated overnight at 4°C with anti-ZAP70 Phos-
pho (Tyr’'®)/Syk Phospho (Tyr*>*) monoclonal antibody (BioLegend,
clone 1503310) conjugated with Alexa Fluor 647, diluted at 1:200 in
DPBS. Between steps and after staining, the samples were washed
with DPBS. The samples were then imaged using a Zeiss Cell Discovery
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7 900 confocal microscope (Plan-Apochromat 20X, NA of 0.7 air
objective) while immersed in clearing solution. The phospho-ZAP70
expression of CTLs conjugated with target cells was quantified using
Imaris 9.9.

Statistical analysis

Image and data analysis are detailed in each method section. The data
analysis flowchart, summarizing the numerical analysis, can also be
found in fig. S5. Python 3.11.5 was used to further analyze the nu-
merical data from the image analysis using the following libraries:
numpy 1.24.3, pandas 2.0.3, matplotlib 3.7.2, seaborn 0.12.2, and
SciPy 1.11.1. The resulting data were visualized, and statistical anal-
yses were performed using GraphPad Prism software (version 10.2).
Cell icons were created with BioRender, and schematics were pre-
pared using Adobe Illustrator (version 29.1).
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